This paper compares the flexural performance of reinforced concrete (RC) beams strengthened with textile-reinforced mortar (TRM) and fibre-reinforced polymers (FRP). The investigated parameters included the strengthening material, namely TRM or FRP; the number of TRM/FRP layers; the textile surface condition (coated and uncoated); the textile fibre material (carbon, coated basalt or glass fibres); and the end-anchorage system of the external reinforcement. Thirteen RC beams were fabricated, strengthened and tested in four-point bending. One beam served as control specimen, seven beams strengthened with TRM, and five with FRP. It was mainly found that: (a) TRM was generally inferior to FRP in enhancing the flexural capacity of RC beams, with the effectiveness ratio between the two systems varying from 0.46 to 0.80, depending on the parameters examined, (b) by tripling the number of TRM layers (from one to three), the TRM versus FRP effectiveness ratio was almost doubled, (c) providing coating to the dry textile enhanced the TRM effectiveness and altered the failure mode; (d) different textile materials, having approximately same axial stiffness, resulted in different flexural capacity increases; and (e) providing end-anchorage had a limited effect on the performance of TRM-retrofitted beams. Finally, a simple formula proposed by fib Model Code 2010 for FRP reinforcement was used to predict the mean debonding stress developed in the TRM reinforcement. It was found that this formula is in a good agreement with the average stress calculated based on the experimental results when failure was similar to FRPstrengthened beams.
Introduction and background
Over the last decades, the issue of upgrading and structural strengthening the existing reinforced concrete (RC) infrastructure has become of great importance. This is due to deterioration of these structures as a result of ageing, environmental conditions, lack of maintenance, and the need to meet the current design codes requirements (i.e. Eurocodes). Over the last two decades, the use fibre-reinforced polymers (FRP) for retrofitting concrete structures, has gain popularity among other conventional strengthening systems (such as steel/RC jacketing). However, some drawbacks have been observed with the use of FRPs, which are mainly associated to the use of epoxy resins. These drawbacks include high cost, inability to apply on wet surfaces or at low ambient temperature, low permeability to water vapour, and poor behaviour at high temperatures.
To overcome these drawbacks, a new alternative cement-based composite material, known as textile-reinforced mortar (TRM), has been suggested for external strengthening of structures [1, 2] . A TRM is a composite comprises high-strength fibres made of carbon, basalt or glass in form of textiles embedded into inorganic materials such as cement-based mortars. The textiles typically consist of fibre rovings woven or stitched at least in two orthogonal directions, thus creating an open-mesh geometry. TRM composite is also identified with other acronyms such as TRC [3] , and FRCM [4] . Several advantages of TRM are associated with the use of cement-based mortars including: resistance to high temperatures [5, 6] , low cost, ability to be applied in an environment of low temperatures or on a wet surface, permeability to water vapour, and compatibility with concrete substrates.
In the last few years, a significant number of studies have been directed towards investigating possible exploitation of TRM in several cases of retrofitting RC structural elements. Bond between TRM and concrete substrate has been investigated in many studies [7] [8] [9] [10] [11] [12] [13] [14] . TRM jacketing has also been applied as a mean of external strengthening of RC structures in the following cases: confinement of RC columns (i.e. [1] ), shear retrofitting of RC elements [2, [15] [16] [17] [18] [19] , confinement of RC columns subjected to seismic load (e.g. [20] [21] [22] [23] [24] ), reinforcing of infilled RC frames subjected to seismic load [25] , flexural strengthening of one-way (e.g. [26] [27] [28] ) and twoway [29] RC slabs. The results indicated that TRM is a promising alternative to FRP in retrofitting structures. Examples of real applications of TRM worldwide in the construction field can be found in [30] .
Research on the flexural performance of RC beams strengthened with TRM has been reported in [31] [32] [33] [34] [35] [36] [37] . Parameters investigated in these studies, were; the textile-fibre materials, for example, carbon-fibre textiles in [31, 33, 37] , polyparaphenylene benzobisoxazole (PBO)-fibre textiles in [32] [33] [34] 37] , and basalt-fibre textile [35] ; the number of layers [32] [33] [34] [35] [36] [37] ; the strengthening configuration [33] ; the compressive strength of concrete [36] ; and the type of textile-fibre materials [37] . The main conclusions of these studies were: (a) application of TRM to RC beams considerably improved their flexural capacity [31] [32] [33] [34] [35] [36] [37] ; (b) increasing the number of TRM layers had twofold effect: increased the flexural capacity and altered the failure mode [32, 37] .
The comparison between TRM and FRP strengthening system in enhancing the flexural capacity of RC beams has been only reported in a few number of studies. In the study of Triantafillou and Papanicolaou, 2005 [31] it was found, on the basis of only two specimens, that TRM was 30% less effective than FRP, with the observed failure mode being different (rupture of fibres for the FRP-strengthened beam and interlaminar debonding for the TRM-strengthened beam). Elsanadedy et al., 2013 [35] reported that, the performance of TRM strengthening system in enhancing the flexural capacity of RC beams was slightly less than that for FRP system. But TRM system is more efficient in increasing the deformation capacity. This conclusion was made based on the comparison between two tested beams only; one beam strengthened with five layers of TRM in form of U-shaped jacket made of basalt-fibre textile and another retrofitted with one layer of basalt FRP.
Based on the above, it is clear that more research is needed to cover the subject of the effectiveness of TRM versus FRP in flexural strengthening of RC beams. The aim of this paper is to compare the effectiveness of the two strengthening systems in enhancing the flexural capacity of RC beams. Parameters considered were: the number of strengthening layers (1, 3, 5, and 7), the textile surface condition (coated or uncoated), the textile-fibre material (carbon, coated basalt or glass fibres), and the strengthening configuration (end-anchorage).
Experimental programme

Test specimens and investigated parameters
The objective of the present study was to evaluate the performance of TRM versus FRP in increasing the flexural capacity of RC beams. For this purpose, thirteen half-scale beams of rectangular section with dimensions of 101 mm width and 202 mm depth were fabricated, strengthened and tested under 4-point flexure. The length of the beams was 1675 mm (Fig. 1a) , whereas the clear flexural and shear span were 1500 mm and 580 mm, respectively (Fig. 1b) .
All beams were intentionally designed with a low amount of longitudinal reinforcement ratio (q s = 0.56%) in order to simulate flexural-deficient beams. The internal steel reinforcement comprised two 8 mm-diameter deformed bars in tension and two 12 mm deformed bars positioned in compression (Fig. 1) . The transversal reinforcement comprised 8 mm-diameter steel stirrups at a distance of 80 mm along the two shear spans of the beams, (expect for the constant moment zone), resulting -by design -to a shear resistance seven times higher than the shear force corresponding to the predicted flexural capacity of the unstrengthened beam. In all beams, the concrete cover was same and equal to 15 mm.
The investigated parameters were: (a) the reinforcement material (TRM vs FRP), (b) the number of TRM/FRP layers (one, three, five, and seven), (c) the material of the textile-fibres (carbon, glass and basalt), (d) the coating of the textile (coated carbon-fibre versus dry carbon-fibre textile), and (e) the end-anchorage of the externally bonded composite layers (U-jacketing). Table 1 , with the support of Fig. 2 , provide a description of the tested specimens. The notation of the strengthened specimens is BN_F, where B represents the type of binder (R for epoxy resin, and M for cement mortar), N refers to the number of TRM or FRP layers and F denotes the type of textile fibres (C for dry carbon fibres, CCo for coated carbon fibres, BCo for coated basalt fibres and G for glass fibres). For the specimens retrofitted with U-jackets at their ends, an additional suffix (EA, standing for endanchorage) is added to the notation. The description of the specimens follows: CON: unstrengthened beam which served as control specimen. R1_C and M1_C: beams strengthened with 1 dry carbon FRP and TRM layer, respectively. M1_ CCo: beam strengthened with 1 coated carbon TRM layer. R3_C and M3_C: beams strengthened with 3 dry carbon FRP and TRM layers, respectively. M5_C: beam strengthened with 5 dry carbon TRM layers. R7_BCo and M7_BCo: beams strengthened with 7 coated basalt FRP and TRM layers, respectively. R7_G and M7_G: beams strengthened with 7 dry glass FRP and TRM layers, respectively. R3_C_EA and M3_C_EA: 3 dry carbon FRP and TRM layers strengthened beam, anchored at their ends with two dry carbon FRP and TRM layers, respectively. Fig. 1 . Details of test beams (dimensions in mm).
Materials properties
The beams were cast on two different dates using the same mix design of concrete. The compressive and splitting tensile strength of the concrete were determined on the day of testing. Three concrete cylinders (dimensions of 150 mmdiameter and 300 mm-height) were tested according to the EN 12390-3 and EN 12390-6 standards [38, 39] , respectively. The results are presented in Table 1 .
The yield stress, ultimate strength, and ultimate strain of the 8 mm-diameter steel bars (which used for the tension and shear links reinforcement) was 569 MPa, 631 MPa and 7.85%, respectively. The yield stress, ultimate strength, and ultimate strain of the 12 mm-diameter bars (compression reinforcement) were 561 MPa, 637 MPa and 12.8%, respectively. These values were obtained experimentally by testing three identical specimens of each type of bars.
Three different textiles (Fig. 3) were used as external reinforcement, namely carbon-fibre textile (dry and coated), glass-fibre textile (dry) and basalt fibretextile (coated). All textiles made of fibre rovings distributed equally in two orthogonal directions. Details of the textiles, such as weight, mesh size and equivalent thickness (calculated based on the equivalent smeared distribution of fibres), are presented in Fig. 3 . It is noted that seven layers of glass-fibre or coated basaltfibre textile have approximately the same axial stiffness with one dry carbon textile layer.
The binder of the TRM composite was cement-based with added polymers at a ratio of 8:1 by weight. The water to binder ratio was 0.23, resulting in a good workability and plastic consistency. The compressive and flexural strength of the mortar were obtained on the day of testing according to EN 1015-11 [40] on three mortar prisms with 40 Â 40 mm cross section and 160 mm length. The average flexural and compressive strengthen of the mortar were 39.2 MPa, and 9.8 MPa, respectively. For those specimens strengthened with FRP, an epoxy resin consisted of two parts with a mixing ratio of 4:1 by weight was used as binder. According to the product datasheet, the tensile strength and modulus of elasticity of this adhesive was 30 MPa and 3.8 GPa, respectively.
For the specimen strengthened with coated carbon fibre textile (M1_CCo), prior to strengthening the textile was impregnated with a low viscosity, two-part epoxy resin. The tensile strength and the elastic modulus of this adhesive were 72.4 MPa and 3.18 GPa, respectively (according to the material data sheets). The procedure of coating the dry carbon textile included, impregnating the textile with this epoxy using a plastic roll. The coated textiles were left to cure for two days before using them for strengthening.
Uniaxial tensile tests were conducted on TRM and FRP coupons comprising one textile layer, in order to evaluate the main mechanical properties of the composite materials. Three identical specimens (coupons) were tested for each type of textile material. The geometry and test setup of both FRP and TRM coupons is shown in . The TRM coupons had a dumbbell geometry and the test setup used was a modification of the setups adopted in [3, 42] . The gauge length of the FRP and TRM coupons was 300 mm and 240 mm respectively. A monotonic load was applied under displacement control at a rate of 2 mm/min. All coupons failed due to fibres rupture at the central region of the gauge length. Fig. 4c shows typical stress-strain curves of both FRP and TRM coupons made of one layer of dry carbon fibres textile. As shown in this figure, the stress-strain curve of FRP coupon comprises linear behaviour up to failure, whereas the corresponding curve of TRM coupon is characterised by two distinct stages: (1) linear elastic behaviour until the first crack occurs in the mortar, and (2) non-linear stage (cracking stage) with progressively decreasing slope (due to mortar cracking) up to failure due to fibres rupture. Table 2 reports the mean values of ultimate tensile stress (f fu ), ultimate strain (e fu ), and modulus of elasticity (E f ). The ultimate tensile stress (f fu ) (presented in Table 2 ) was calculated by dividing the ultimate load to the cross-sectional area of the FRP or TRM coupon in the direction of loading. The cross-sectional area of the coupon was calculated by multiplying the width of the coupon (same width of the textile) by the nominal thickness of the fibre presented in Table 1 . The value of elastic modulus of FRP was calculated directly from the stress-strain curves by dividing the ultimate tensile stress (f fu ) to the corresponding ultimate strain (e fu ) because the behaviour was linear up to failure. The corresponding value of TRM was calculated as the secant modulus of elasticity of the stressstrain curve during the 2nd stage of response (modulus of elasticity of the cracked section), which is the slope of the line connecting the point corresponding to the initiation of cracking stage and the point corresponding to the maximum tensile stress.
It is worth mentioning that, the strength values of FRP composite was higher than that of the corresponding TRM composite comprising the same textile materials (Table 2 ). This is mainly attributed to the degree of impregnation of the fibres with the binding material. In FRP composites, the degree of impregnation of fibres in a roving is extremely good, whereas in TRM composites it is only the outer filaments of a roving that are impregnated with the binding material. This results in fracture of a portion of the fibres, while the core ones experience a degree of slippage. c E f : modulus of elasticity (GPa).
Strengthening procedure
The strengthening material (TRM or FRP) was externally bonded to the bottom of the beams over a length of 1350 mm (see Fig. 1 and Fig. 2b ). The strengthening procedure for both strengthening systems had the characteristics of a typical wet lay-up application and comprised the following steps:
Prior to strengthening, the concrete surface was prepared as follows: for FRP strengthened beam, the surface was roughened using a grinding machine and the resulted concrete surface was cleaned from dust with compressed air (fig. 5a ); For TRM-strengthened specimens, a 50-mm grid of grooves with a depth of approximately 3 mm was made using a grinding machine, in order to improve the bond with concrete substrate. Finally, the concrete surface was cleaned with compressed air (Fig. 5b) . The procedure for application of TRM materials included: (a) dampening the concrete surface with water; (b) application of a layer of mortar with approximately 2-mm-thickness (Fig. 5c) ; (c) application of the textile into the mortar, and gently pressing with hand to ensure good impregnation with cement mortar (Fig. 5d) . The procedure for FRP-retrofitted specimens included: application of the textile over a thin layer of resin and then impregnated with resin using a plastic roll (Fig. 5e) . The above procedure for both strengthening systems was repeated in case of more than one textile layers were applied. For TRM-retrofitted beams, the final layer of textile was covered with a final layer of mortar with approximately 3 mm thickness and levelled (Fig. 5f ).
Similar surface preparation was used for the specimens received U-shaped TRM or FRP end strips as an anchorage system (M3_C_EA, R3_C_EA), as shown in Figs. 5g and h. The application of the two layered U-jackets commenced immediately after the application of the longitudinal external reinforcement.
Experimental setup
All beams were subjected to four point bending as shown in Fig. 6a-b . The clear span was 1500 mm, and the selected configuration resulted in a 340 mm-long constant moment zone and a 580 mm-long shear span (Fig. 6a) . The load was applied using a servo-hydraulic actuator (100 kN capacity) which was vertically fixed on a stiff reaction frame (Fig. 6b) . The load was applied monotonically under displacement control at a rate of 1 mm/min. Two LVDTs were fixed at the mid-span of the beam (one on each side) to measure independently the mid-span deflection. Two bearing plates with square dimensions of 100 mm and 25 mm thickness were fixed under the points of load application to prevent the local failure of the beams due to concrete crushing.
Experimental results
The main results of all tested beams are presented in Table 3 , including: (1) The cracking load (P cr ). (2) The yield load (P y ) (which is defined as the load corresponding to the steel yielding). (3) The ultimate recorded load (P u ). (4) The displacement corresponding to cracking load (d cr ). (5) The displacement corresponding to the yielding load (d y ) (average mid-span deflection from two LVDTs corresponding to Py). (6) The displacement at ultimate load (d u ) (average of mid-span deflection from two LVDTs at the ultimate load (Pu). (7) The flexural capacity increase due to strengthening. (8) The observed failure mode.
Load-deflection curves
The load-deflection curves of all tested beams are presented in Any difference between the curves of the retrofitted beams and the control one (Fig. 7) , is attributed to the contribution of strengthening materials to the flexural performance of the beams. The effect of strengthening was more pronounced during Stages II and III, where development of flexural cracks was in progress. In specific, during Stage II both steel and TRM reinforcement were activated in tension and contributed to the increase of the beam's flexural resistance. In Stage III, the contribution of the steel reinforcement remained almost constant (increased marginally due to steel hardening) due to steel yielding and the further activation of TRM/FRP in tension became the main mechanism contributing to the flexural resistance increase.
The post-peak behaviour of all retrofitted beams was almost identical; after failure, the load dropped to the levels of the unretrofitted (CON) beam's flexural capacity, indicating that the effect of strengthening had totally been lost. After that point, the plastic behaviour of the beams resulted in the development of large deflections under constant residual load. The tests were terminated when a mid-span deflection of 40 mm was reached (specimen CON was tested up to 80 mm, when the longitudinal steel reinforcement was fractured).
Ultimate loads and failure modes
The values of maximum loads and the observed failure modes of all tested beams are presented in Table 3 , supported by Fig. 8 .
The reference beam (CON) failed in flexure after the formation of large flexural cracks at the constant moment region. The failure was due to yielding of the tensile reinforcement followed by concrete crushing at the compression zone (Fig. 8a) . This type of failure mode is typical for under-reinforced beams. The yield and ultimate load was 30.1 kN and 34.6 kN, respectively, at corresponding mid-span deflection of 6.1 mm and 30.0 mm, respectively.
All FRP strengthened beams also failed in flexure at loads substantially higher than the control beam ( Table 3 ). The ultimate load recorded for specimens R1_C, R3_C, R7_BCo, R7_G and R3_C_EA was 43.9, 60.4, 54.2, 48.2 and 83.7 kN, respectively. Thus, the contribution of various FRP strengthening systems in increasing the flexural capacity was 26.9%, 74.6%, 56.6%, 39.3% and 141.9%, respectively.
Two distinct failure modes were observed in the FRP-retrofitted beams. Specimens retrofitted with one and three layers of carbonfibre reinforcement (R1_C and R3_C), failed due to debonding of the FRP composite from the concrete surface. Debonding was initiated from an intermediate shear crack (Fig. 8b, c) which caused debonding of the FRP composite from the concrete and propagated from the mid-span towards the end of the beam. Eventually, the FRP strip completely debonded from the beam's soffit with parts TRM debonding from concrete substrate; FR: fibres rupture; DS: Debonding of TRM from concrete substrate, followed by slippage of the fibres at the region where the longitudinal TRM meets the TRM U-jacket.
of concrete cover being attached. Details of the failure mode for those beams are also provided in Fig. 8b, c) . This kind of failure mode is brittle and quite common for FRP reinforced beams (ACI 2008; FIB 2001) [43, 44] . The beams strengthened with seven layers of coated basalt-fibre reinforcement (R7_BCo), seven layers of glass-fibre reinforcement (R7_G), and three layers of carbon-fibre reinforcement anchored at the beam's ends (R3_C_EA), failed due to fibres rupture at the constant moment region of the beam (Fig. 8d-f ). Similar to the FRP-retrofitted beams, all specimens strengthened with TRM failed in flexure after displaying flexural strength considerably higher compared to the control specimen. The maximum load recorded for specimens M1_C, M1_CCo, M3_C, M5_C, M7_BCo, M7_G and M3_C_EA was 39 Five different failure modes were observed in the TRMretrofitted beams depending on the number of TRM layers and the textile fibres material: -Loss of composite action due to slippage of the fibres within the mortar accompanied by partial rupture of the fibres, at a single crack within the maximum moment region (Fig. 8g ). This type of failure mode was not brittle (see the post-peak curve in Fig. 7 ) and was observed in specimen M1_C which received one layer of dry carbon-fibre textile. A progressive load-drop was recorded as a result of the fibres slippage through the cement matrix (Fig. 7a ). This type of failure mode was consistent with that observed in [12] in TRM to concrete bond tests, for the same number of TRM layers and the same textile fibre materials (i.e. dry carbon). -Debonding of TRM due to fracture the surface at the textilemortar interface. This kind of failure mode was observed in specimen M1_CCo (strengthened with one layer of coated carbon fibre-textile). Debonding was initiated at the intermediate shear crack and propagated towards the end of the beam (Fig. 8h ). This kind of failure, which can also be described as interlaminar shearing [44] , is attributed to the effect of coating. Coating the textile with epoxy leads to a strong bond between the inner and the outer filaments of each roving, which increases the rigidity of the textile in both directions and creates strong joints in the junctions between the longitudinal and transversal fibre rovings. As a result, failure due to slippage of the fibre through the mortar was prevented, and damage was shifted to the textile-mortar interface, which was the weakest among all interfaces. The same failure mode was also observed in [12] in TRM to concrete bond tests for the same number of TRM layers and the same textile fibre materials. A detailed picture of the TRM failure surface is also presented in Fig. 8h . -Debonding of TRM from the concrete surface accompanied with part of the concrete cover. The debonding initiated from an intermediate shear crack (Fig. 8i) and propagated from the constant moment zone towards one end of the TRM reinforcement. Eventually TRM debonded form the concrete surface with a part of concrete cover being peeled off (Fig. 8i ). This failure mode was observed in specimen M3_C and M5_C, and it was the same as in its counterpart FRP-retrofitted beam (R3_C). Again, the same failure mode was also observed in [12] , in TRM to concrete bond tests for three layers of the same materials. -Fibres rupture in the region of maximum moment (Fig. 8j, k) .
This type of failure mode was noted in specimens M7_BCo and M7_G, strengthened with seven layers of coated basalt and glass-fibre textile, respectively. -Debonding of TRM from the concrete substrate (part of the concrete cover was also included) at an intermediate shear crack (Fig. 8l) , followed by slippage of the fibres at a different region. This failure mode was observed in specimen M3_C_EA, retrofitted with three layers of dry carbon-fibre textile and received TRM U-jackets at their ends to provide anchorage. It is noted that providing U-jacket at the ends of the beam prevented debonding of TRM, but slippage of fibres finally occurred at the region where the longitudinal TRM meets the TRM U-jacket (Fig. 8l) . The same failure mode was also observed in [12] , in TRM to concrete bond tests for the same number of TRM layers and the same textile fibre materials.
Bending stiffness
The bending stiffness of the tested beams at several stages (precracking, cracking and post-yielding) is reported in Table 4 . It was calculated form the load versus mid-span deflection curves as the tangent stiffness of the pre-cracking, cracking and post-yielding stages. As shown in Table 4 , the application of strengthening (TRM or FRP) enhanced the cracking and post-yielding stiffness compared to the reference beam. It is noted that the increase in the cracking and post-yielding stiffness was sensitive to the investigated parameters such as the strengthening system (TRM or FRP), the number of TRM/FRP layers, the textile fibre material, and the strengthening configuration. 
Discussion
All strengthened specimens responded as designed and failed by the loss of strengthening after yielding of the internal steel reinforcement. On the basis of the various parameters investigated in this experimental programme, an examination of the results (Table 3) in terms of strength, stiffness and failure modes, revealed the following information.
Number of strengthening layers
The effect of the number of layers on the beams flexural capacity was investigated for the case of dry carbon-fibre textiles, and is depicted in Fig. 7a supported by Fig. 9a . For FRP-strengthened beams, tripling the amount of reinforcement (from one to three layers) resulted in almost proportional increase in the flexural capacity, namely 2.8 times. The corresponding enhancement in the TRM-strengthened beams was equal to 4.7 times (nonproportional increase). To further investigate the effect of increasing the number of TRM layers on the flexural capacity increase, a beam strengthened with five TRM layers was also tested. As shown in Fig. 9a , applying five layers of TRM resulted in 6.3 times increase compared to one TRM layer. The non-proportional increase observed in the TRM strengthened (especially for the transition from one to more layers) is associated to the different failure modes observed, as described below.
The cracking and post-yielding stiffness were enhanced by increasing the number of layers for both strengthening systems in an identical manner (Fig. 9b) . In the FRP-strengthened beams, tripling the number of layers resulted in an increase of 1.2 and 2.7 times in the cracking and post-yielding stiffness, respectively. The corresponding enhancement in TRM-retrofitted beams was similar, namely 1.1 and 3 times, respectively. It seems that the increase in the post-yielding stiffness was almost directly proportional to the number of layers even for the case of M5_C (4.5 times compared with M1_C). This is attributed to the fact that the only mechanism contributing to the flexural capacity increase is the activation of the externally applied materials in tension.
The failure mode of FRP strengthened specimens was not sensitive to the number of layers; it was always debonding of FRP from the concrete substrate including part of concrete cover ( Fig. 8a and b) . However, in the case of TRM-retrofitted beams, the failure mode was sensitive to the number of layers. In particular, the failure mode altered when three or five layers of dry carbon-fibre textile were applied instead of one. With 3 or 5 layers, slippage of the fibres through the mortar was prevented and the failure, as in the case of FRP, was attributed to TRM debonding including part of concrete cover (Fig. 8i) . This behaviour is identical with the observations made by Tetta et al. 2016 Tetta et al. 2016 [16] in shear strengthening of RC beams with TRM when the number of layers increased from 1 to 2, but also by Raoof et al. [12] in double-lap shear TRM-to-concrete bond tests. Improved mechanical interlock between the increased number of textile layers and the surrounding mortar is believed by the authors to be the main reason for this behaviour.
Textile-fibres coating
Beam M1_C, strengthened with one TRM layer of dry (uncoated) carbon-fibre textile, failed prematurely due to local slippage of the fibres through the mortar. For this reason, it was decided to retrofit a beam using the same textile but with coated fibres (M1_CCo). As a result, the flexural capacity was further increased by 52% (compared to beam M1_C). Additionally, the failure mode was changed from slippage of the fibres through the mortar to debonding of TRM due to fracture at the textile-mortar interface ( Fig. 8h; interlaminar shear failure [44] ). Such a failure mode was also observed in bond tests conducted by the authors when the same textile with the same coating was used [12] . As illustrated in Fig. 7b and Fig. 10a-c , although the performance of the beam M1_C was poor compared to its counterpart FRP-strengthened specimen (R1_C), when coated textile was used, the behaviour of TRM became comparable to FRP. Coating the textile leads to improved bond between the inner and the outer filaments of each roving of the textile. Hence, the textile develops higher tensile stresses, and the matrix is called to transfer higher shear stresses, which leads to shear failure of the mortar (interlaminar shearing).
Textile-fibres material
According to the results (Fig. 7c and Fig. 10a ), in both TRM and FRP strengthening systems, the highest flexural capacity increase was achieved in the beams retrofitted by the coated basalt-fibre reinforcement. In TRM-strengthened beams, specimen M7_BCo recorded a 45% higher capacity increase compared to specimen M1_CCo with equivalent axial stiffness of the strengthening layers, and beam M7_G recorded a 49% higher capacity increase compared to beam M1_C. Note that the above comparisons were made on the basis of similar textile surface conditions (dry or coated textiles). Similarly, in FRP-retrofitted beams, the flexural capacity increase of beam R7_BCo was 52% and 30% higher than that of beams R1_C and R7_G, respectively. This disparity in the flexural capacity increase between beams with external reinforcement of approximately the same axial stiffness, can be attributed to the influence of the numbers of layers (one layer of TRM reinforcement was less effective than multiple No. of layers as discussed in Section 4.1), and to the fact that the basalt-fibre textile was coated, which was beneficial at least in the case of the TRM strengthening system. 
End-anchorage with U-jackets
An end-anchorage system comprising U-jackets at both ends of the beams was applied only for specimens strengthened with three layers of carbon TRM or FRP, as a means of preventing premature debonding from the concrete substrate. As illustrated in Fig. 10a , in the case of beam R3_C_EA, the strengthening efficiency was substantially increased (by 90%) compared to the beam without endanchorage (R3_C). However, this enhancement was limited in the case of the TRM strengthened beam (only 9%). The difference in the behaviour between specimens R3_C_EA and M3_C_EA is attributed to the difference in the failure mode observed. Beam R3_C_EA failed due to rupture of the textile fibres (Fig. 8f) achieving full composite action. In contrary, in beam M3_C_EA even if TRM debonding was prevented, a full composite action was not achieved due to slippage of the textile fibres at the junction where the longitudinal TRM meets the U-jacket (Fig. 8l) . Table 5 reports the values of the TRM versus FRP effectiveness factor (k), which is defined as the ratio of the flexural capacity increase achieved by TRM to the increase achieved by the equivalent FRP. This factor varied between 0.46 and 0.80 for the different parameters examined in this study.
TRM vs FRP effectiveness factor
Increasing the number of dry carbon-fibre textile layers from one to three, resulted in enhancement of the effectiveness factor from 0.47 to 0.80, which was associated to the change in the failure mode of TRM retrofitted beams (from slippage of the fibres to debonding of from the concrete substrate). Coating the carbon textile with epoxy resin in the case of 1 TRM layer increased the k factor from 0.47 to 0.73, as a result of prevention of fibres slippage.
The effectiveness factor for the specimens retrofitted with either coated basalt, or glass-fibre textiles was the same and equal to 0.63. In this case, although both FRP and TRM-retrofitted specimens failed due to rupture of textile fibres, the reduced effectiveness of TRMs can be attributed to the lower tensile strength of TRM composites compared to FRPs (as shown from the results of the coupons tensile tests).
Finally, in terms of strengthening configuration, specimen M3_C_EA recorded an effectiveness factor of 0.46. This low value of k factor was due to the development of slippage at the junction where the longitudinal TRM reinforcement meets the U-jacket (Fig. 8l) . This slippage considerably reduced the TRM effectiveness and prevented a full composite action.
Analytical calculations
To calculate the effective stress, r eff , of the TRM or FRP reinforcement, an inverse analysis method was used. The effective stress is defined here as the tensile stress of the composite material in the region of maximum moments at the instant of ultimate load. By using the experimental values of the flexural moment of resistance, M u,exp (Table 5 ), a standard cross section analysis, described in fib Model Code 2010 [44] , was performed for each of the retrofitted beams. The procedure for the calculation of r eff in this method was built on the equilibrium of internal forces and strains compatibility. Also, the following assumptions were adopted:
There is perfect bond between the FRP/TRM strengthening layers and the concrete substrate. The ultimate compressive strain of concrete (e cu ) is 0.0035. The strengthening material behaves linearly up to failure.
It is worth mentioning that the mechanical properties of the external reinforcement (E f and ffu) were taken from the coupon tests described in Section 2.2 ( Table 2 ). The experimental values of the effective stress, r eff,exp , resulted from the inverse analysis, are presented in Table 5 . As shown on the same Table, the ratio of the effective stress (r eff,exp ) to the ultimate stress obtained from coupon test (f fu ) was always less than one, except for the beam R3_C_EA (probably due to the effect of the end-anchorage system).
The theoretical values of the debonding stress of the composite material, f fbm,theor , were calculated according to Eq. (1) (fib Model Code 2010 [45] equation for flexural strengthening with FRP) and are presented in Table 5 (without safety factors). Note that Eq.
(1) can only be used for debonding failures occurring at the concrete substrate.
In the above equation, f fbm is the mean debonding stress of the composite material; k c is the intermediate crack factor and equal to 2; k m is the matrix factor and equal to 0.25 for the case of epoxy bonded CFRP system (the same value was used here for the case of the carbon-TRM system); k b is the shape factor; b ' is the length factor which can be taken equal to 1; E f is the elastic modulus the composite material (obtained from coupon test); t f is the equivalent thickness of the textile and f cm is the concrete compressive strength; and the shape factor (k b ) was calculated from Eq. (2) below:
where; b f is the width of the composite, and b is the width of the beam. Eq. (1) was used here to calculate both FRP and TRM debonding stresses in the cases of debonding failures. A comparison of the stresses calculated according to Eq. (1) with the experimental data is presented in Table 5 . It was found that the debonding stress calculated by Eq. (1) is in a good agreement with the experimental results of that beams reinforced with high FRP and TRM reinforcement ratio (M3_C, M5_C and R3_C) and failed due to debonding of FRP or TRM from the concrete substrate including part of the concrete cover. Fig. 11 shows the relationship between the effective stress obtained experimentally r eff , exp. and the product q f E f ; together with the curve corresponding to Eq. (1). Where q f is the textile fibres reinforcement ratio (q f = A f /bh), and E f is the modulus of elasticity of the composite material obtained from coupon tests. It is clear from this figure that the effective stress developed in the textile fibres reinforcement is inversely proportional to the product q f E f when the failure is associated to debonding of the externally bonded reinforcement, regardless the binding material (epoxy resin or mortar). This trend of the effective stress is consistent with the trend of the theoretical stress calculated by Eq. (1) and shown in Fig. 11a , and b (dash line). Based on the above findings, in design of flexural retrofitting with TRM system, the effective stress can be the minimum value obtained from coupon tests (f fu ) and Eq. (1), applying the same safety factors as in FRP systems until more data become available and a semi-probabilistic approach can be applied to obtain TRMspecific safety factors. Nevertheless, this design approach is suggested to be used only when the failure mode is either TRM debonding at an intermediate crack or fibres rupture. According to the results of the present experimental study, this applies when more than 2 TRM layers are used for retrofitting. It is evident that more experimental data is required for a refined design model which will consider all different failure modes observed, including the slippage of the TRM reinforcement in flexural cracks. Table 5 also compares the effective stress in the TRM composite (r eff,exp ) with the debonding stress obtained through direct shearbond tests (f f, bond ) in the study of Raoof et al. 2016 [12] . The comparison is made on the basis of the same number of TRM layers used in both studies, with the same materials. The f f, bond values used for the comparison correspond to 200 mm bond length, which was found to be the effective bond length (in which the bond strength is not significantly increased beyond this length). Although identical failure modes were noted in both flexural and bond tests (for identical specimens having the same textile fibre materials and number of TRM layers) the debonding stresses recorded at failure were lower in the bond tests, leading to lower utilisation of the textile fibres reinforcement.
Conclusions
This study investigated experimentally the performance of TRM and FRP composite in flexural strengthening of RC beams. Several parameters were examined namely: (a) the strengthening material (TRM and FRP); (b) the number of FRP/TRM layers; (c) the textile surface condition; (d) the textile-fibre materials and (e) the end anchorage system. The obtained results revealed the following conclusions:
1. The effectiveness of TRM system in increasing the loading carrying capacity of retrofitted beams was less than that of FRP. Nevertheless, TRM effectiveness was sensitive to the number of layers. It was found that the effectiveness factor increased from 0.47 to 0.80 when the number of TRM layers increased from 1 to 3. 2. Coating the carbon fibres textile with epoxy adhesive significantly enhanced the performance of TRM materials. When one layer of coated carbon textile was used instead of one layer of dry carbon textile, the flexural capacity gain increased from 12.7 to 19.7% (about 55% enhancement). 3. Different textile fibres materials (carbon, coated basalt, and glass) having approximately the same axial stiffness resulted in different flexural capacity increases. In both strengthening systems, seven coated basalt-fibre textile layers recorded the highest flexural capacity increase, followed by seven dry glass-fibre textile layers, and finally by one carbon-fibre textile layer. This variance in the performance was related to the effect of number of layers (in both FRP and TRM strengthening systems), but also to the textile surface condition (dry or coated textiles) in TRM strengthening system. 4. Providing end-anchorage with U-jackets to FRP-retrofitted beams resulted in 90% enhancement in the flexural capacity compared to non-anchorage beam. However, the corresponding enhancement in TRM-retrofitted beam was limited (9%) and was attributed to the presence of slippage of the textile at the U-jacket -longitudinal TRM sheets. 5. Two types of failure mode were observed in the FRP-retrofitted beams, these failure modes were: debonding from concrete substrate (for specimens M1_C and M3_C), and fibres rupture at the constant moment zone (for specimens M7_BCo, M7_G and M3_C_EA). Whereas, in the TRM-retrofitted beams five different failure modes were observed, namely: slippage of the rovings through the surrounding cement mortar (specimen M1_C), fracture the surface at the textile-matrix interface (interlaminar debonding-specimen M1_CCo), debonding of TRM from the concrete with peeling off parts concrete cover (specimen M3_C and M5_C), and rupture of the textile fibres at the constant moment zone (M7_BCo and M7_G). These failure modes were found to be sensitive to the number of TRM layers, the textile fibres materials (carbon, coated basalt or glass fibres), and the textile surface condition (dry or coated fibres).
6. For both strengthening systems (TRM and FRP), the cracking and post-yielding stiffness of strengthened beams was substantially enhanced compared to the unstrengthened beam (up to 72% and 1298%, respectively). 7. A formula proposed by fib 2010 [45] was used to predict the debonding stress in FRP reinforced for those specimens failed due to debonding of FRP from concrete substrate. This formula was also used to predict the debonding stress of TRM reinforcement for those specimens that have same failure mode (i.e. debonding). It was found that this formula is in a good agreement with the effective stress calculated based on the experimental results providing that TRM properties are obtained from coupon tests. The above-mentioned conclusions should be treated carefully. They are based on a limited number of tests on half-scale beams and specific type of textile fibre materials. More research is required including different types of textile materials and full-scale beams. This would also help to confirm the reliability of existing design models for FRP or the development of new reliable ones.
